The Bacillus subtilis chromosome is replicated in a sequential fashion from an origin in the region of purine markers to a terminus near methionine B.' 2 Enzyme synthesis in synchronous cultures of B. subtilis also occurs in sequence such that genetic and enzyme maps are colinear.3 This colinearity indicates an influence of the replication process on transcription of the chromosome. The probability that many control mechanisms are operative at the translational level, however, obscures interpretation of an enzyme map in terms of transcriptional events.
The Bacillus subtilis chromosome is replicated in a sequential fashion from an origin in the region of purine markers to a terminus near methionine B.' 2 Enzyme synthesis in synchronous cultures of B. subtilis also occurs in sequence such that genetic and enzyme maps are colinear.3 This colinearity indicates an influence of the replication process on transcription of the chromosome. The probability that many control mechanisms are operative at the translational level, however, obscures interpretation of an enzyme map in terms of transcriptional events.
This study was undertaken to investigate the influence of sequential replication on transcription of the chromosome as revealed by the pattern of synthesis of RNA complementary to specific regions of the B. subtilis chromosome. The results indicate that DNA replication imposes an over-all rhythm on the transcription process independent of other control mechanisms.
Materials and Methods.-The bacterial strains used were Bacillus subtilis W23
(str-r), Mu8u5u6 (pur B-, leu-, met B-), SB27 (try-, met x-), and SB25 (try-, his-). DNA was extracted by a modification of the method of Marmur.4 Total RNA was isolated from cells or from isolated ribosomes by the warm phenol technique.5 DNA was denatured by heating at 1000C for ten minutes in 1/10 SSC.
Hybridization mixtures contained different concentrations of RNA and 20 JAg heatdenatured DNA isolated from a stationary phase culture of W23 in a total volume of 1 ml in 2.5 X SSC. Mixtures were brought to 100'C and then incubated at 68°C for 16 hours. The same preparation of DNA was used throughout each experiment. Transformations were performed according to the method of Anagnostopoulos and Spizizen6 with the following exceptions: L-glutamic acid (0.005%) was added to all media;7 step-down medium contained 0.002 per cent L-histidine. 9 Recipient cells grown to competence daily were employed for assays of biological activities of renatured DNA or hybridization products. Competent cells grown and frozen according to the method of Yoshikawa9 were transformed by native DNA but displayed poor competence with renatured samples. Transformants were selected on appropriately supplemented minimal agar after incubation in the presence of DNA or hybridization mixtures for 30 minutes. A minimum of 2000 colonies was scored for each selected marker. Marker frequency ratios were normalized to the ratios obtained with DNA extracted from a stationary phase culture of B. subtilis W23.1 Chromosome alignment was achieved by diluting a stationary phase population of B. subtilis W23 into enriched minimal medium (EM),' allowing this population to reach stationary phase, and then again diluting into EM. DNA content of cells was estimated according to the Giles-Meyers technique.8
Results.
-Transforming ability of DNA-RNA hybridization products: The experiments to be described are based on the prediction that the presence of RNA complementary to one strand of DNA will lessen the probability of re-formation of biologi- cally active duplex DNA molecules during renaturation. Table 1 shows the transforming ability of denatured DNA annealed in the presence of RNA from a stationary population of B. subtilis W23. The biological activity of each preparation is described as the percentage of the transforming activity obtained with denatured DNA annealed in the absence of RNA. When homologous DNA and RNA are amnealed and the products used to transform competent recipient cells, the transformation frequency of all markers tested is depressed. The extent of this depression varies with each marker. The inhibition of transformation is specific, since neither RNA from E. coli nor RNAse-digested homologous RNA compete effectively for renaturation of biological activity. No transforming activity can be attributed to B. subtilis RNA alone. RNA added to previously renatured DNA does not depress the transformation frequencies of the markers tested. Ribosomal RNA, which comprises the bulk of the RNA preparations, preferentially competes for renaturation of biological activity for markers proximal to the RNA loci. 10 The extent of renaturation of transforming ability in heat-denatured DNA depends upon the RNA concentration in hybridization mixtures, as showN-n in Figure 1 The number of transformants obtained with renatured DNA or hybridization products follows a concentration dependence similar to that of native DNA (Fig. 2) .
Transformations in the following experiments, using hybridization products as the source of biological activity, were performed with the concentration of DNA which exhibits a maximum inhibition of renaturation of transforming ability inl the linear response portion of the saturation curve. 
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Effect of DNA replication on transcription:
The effect of sequential replication on the transcription process was investigated in a 40-liter culture of B. subtilis W23 aligned for chromosome replication by dilution from the stationary phase. The culture was allowed to complete one cell mass doubling during which 2-liter samples were withdrawn at 10-minute intervals. Both DNA and RNA were isolated from each sample. A relative increase in optical density of 1.67 and a 3.40-fold increase in relative amount of cellular DNA during the cell generation period indicated the completion of two chromosome replications. The frequencies of various markers in each DNA sample were determined by transformation of multiply auxotrophic recipients. Figure 3 shows the degree of replicative synchrony achieved as revealed by this marker frequency analysis. Figure 4 illustrates the effect of RNA isolated at each 10-minute interval of the aligned cell cycle on renaturation of biological activity of a standard preparation of denatured DNA for the leucine gene. During the lag period of chromosome replication, RNA complementary to leucinebearing DNA fragments is produced at a maximum level. Its relative concentration decreases during gene synthesis and increases following replication. This pattern is recapitulated in a second replication cycle. During inactive replication periods, competing RNA is formed discontinuously.
A summary of similar data for the met x and met B as well as the leu marker appears in Figure 5 . For simplicity only the last two thirds of the population cycle are included. For each of the three genetic regions competing RNA is produced at a minimum level during gene synthesis and increases in relative concentration shortly after replication. Points of maximum transcription exhibit the same sequentiality as is observed for gene synthesis: leu, met x, met B. This sequentiality is presumed to be imposed by the replication process. The control should result from the pref- erential activity of DNA as template for replication rather than as transcription template and from the increase in competing RNA following gene synthesis. In addition to this control, replication-independent controls are imposed upon the transcription process. RNA samples isolated during the first chromosome replication simultaneously inhibit renaturation of transforming activity of the linked try and his markers. The coincidence of the two renaturation inhibition curves (not shown) indicates simultaneous inactivation of genetically linked markers and suggests that the binding of one species of complementary RNA to a DNA fragment inactivates transformation activity for other markers contained on the same fragment.
Increased resolution of actively transcribing periods: The pattern of transcription in aligned cultures of B. subtilis W23 was investigated further, using RNA isolated at four-minute intervals from 80 liters of an aligned culture. The experimental details are essentially those of the previous experiment. Relative increases in optical density and DNA content were 1.7 and 3.0, respectively, for the 150-minute period. several genetic regions. Approximately one third of the population is out of phase with the remainder, replicating earlier proximal markers. As was observed in the previous experiment for all genetic regions tested, pur B (Fig. 6A) observed shortly after replication. The constant base line of inhibition probably represents nonspecific binding of RNA and contributes a noise level to the relative quantifications.
The leucine region (Fig. 6B ) exhibits two cycles of transcription during a lag in gene replication. Beyond this point, RNA competing for renaturation of leu+ biological activity exhibits maximum or minimum concentrations in phase with synthesis of the leu gene, paralleling the data of the first experiment.
The renaturation inhibition curve for the met B region (Fig. 6C ) exhibits a periodic variation in production of complementary RNA until the rhythm of transcription is disturbed by synthesis of the met B region. The periodicity for the met B region differs from that observed for the leu region. Figure 6D compares the pur B, leu, and met B renaturation inhibition curves.
During the initial 45 minutes of lag in chromosome replication, RNA complementary to all regions is produced, pur B-competing RNA being produced first, followed simultaneously by met B-specific RNA and RNA complementary to the leu region. Within the limits of the renaturation inhibition test there is no apparent sequentiality of competing RNA production during inactive periods of chromosome replication. Instead, each genetic region transcribes independently of other regions separated widely on the chromosome map.
Pattern of competing RNA in exponential cultures of B. subtilis W23: Exponential cultures of B. subtilis W23 are described as random in terms of chromosome replication.' Marker frequency analysis of DNA samples isolated through a single generation from a 15-liter culture of B. subtilis W23 maintained in the exponential phase for 11 hours prior to sampling indicated that chromosome replication was nonaligned, and a constant amount of RNA competing for renaturation of leu+ or met Bt biological activity was demonstrated throughout the cell generation cycle. RNA samples isolated at six-minate intervals for 48 minutes of growth showed renaturation inhibition of 40 + 3 per cent for both markers.
Discussion.-The present experiments demonstrate that the relative concentrations of RNA complementary to specific regions of the B. subtilis chromosome can be estimated as the degree of renaturation inhibition of biological activity in heat-denatured DNA. Such quantifications in large cultures of B. subtilis W23 aligned for chromosome replication have elucidated the influence of sequential replication on the transcription process and the production patterns of competing RNA's during inactive replication periods.
Large cultures of B. subtilis W23 aligned for chromosome replication by dilution from the stationary phase are not in perfect alignment, since relative marker frequency curves rise with shallow slopes rather than increase vertically. Alignment is sufficient, however, to give a maximum relative marker frequency of approximately 2 for widely separated markers. More closely positioned genes are described by maximum increases of less than 2, the value depending upon marker distance."
The renaturation inhibition test has revealed several aspects of synthesis of RNA complementary to specific regions of the B. subtilis chromosome. Competing RNA molecules are produced in bursts and decay relatively rapidly. The time involved in the decrease in their concentrations, taken as the interval between a maximum and minimum peak on the renaturation inhibition curve, is approximately 10 minutes. RNA's of very short half life may be selected against by using a four-minute sampling interval, whereas RNA's with much longer half lives may contribute to the constant base line of inhibition observed in all analyses. The RNA decay time observed in renaturation inhibition curves probably represents loss of several RNA species, since binding of one RNA type to a fragment of DNA approximately 1 per cent of the genome in length inactivates transformation of other markers on the same DNA piece. If such species of RNA have different half lives, the decay time estimated from inhibition curves would be an average value.
The sequential replication of the B. subtilis chromosome in aligned cultures imposes one form of control and a consequent sequentiality on the transcription process. This sequentiality is the same as the order of the corresponding genes on the genetic map of B. subtilis W23. In the absence of DNA replication our studies indicate that all genetic regions transcribe actively during an initial lag in chromosome synthesis. The concurrent appearance of several species of competing RNA indicates the nonsequentiality of transcription in the absence of DNA replication and shows that transcription can proceed simultaneously in many genetic regions.
During inactive replication periods for a particular genetic region, the relative quantity of RNA complementary to it modulates in a distinctive pattern until this is again disturbed by the replication process (see Fig. 6B and C). The nature of the replication-independent mechanism controlling the production of competing RNA has not been determined, but a feedback type is assumed.
Exponentially growing cultures of B. subtilis W23 are nonaligned for chromosome replication. Synthesis of RNA complementary to specific genetic regions in such a culture is random, i.e., the relative quantity of competing RNA for each region is constant with time. This randomness indicates that the pattern of competing RNA synthesis in aligned cultures is an outcome of the alignment process and is not typical of B. subtilis W23 regardless of growth conditions. Summary.-Relative quantitative measurements of RNA complementary to specific regions of the Bacillus subtilis W23 chromosome in aligned cultures indicate that DNA serves as template for replication in preference to transcription template. This selective template activity imposes a sequentiality upon transcription identical to the gene replication order. During inactive periods of gene synthesis all regions of the chromosome initially transcribe at a maximum level. Subsequently relative quantities of complementary RNA modulate in a distinctive manner for each genetic region, subject to replication-independent control mechanisms and exhibiting no sequentiality. We wish to thank N. Sueoka and J. Marmur for bacterial strains. We are grateful to Airs. S. J. Weinstein and Mrs. C. Bergholz for their excellent technical assistance.
Abbreviations: pur B, purine B; leu, leucine; try, tryptophane; met, methionine; his, histidine; SSC, standard saline-citrate; EM, enriched minimal medium; str-r, streptomycin-resistant. 
